Many of the beneficial and adverse effects of niacin are mediated via a G protein receptor, GPR109A/HCA2, which is highly expressed in adipose tissue and macrophages. Here we demonstrate that immune activation increases GPR109A/HCA2 expression. LPS, TNF, and IL-1 increase GPR109A/HCA2 expression 3-5 fold in adipose tissue. LPS also increased GPR109A/HCA2 mRNA levels 5.6 fold in spleen, a tissue rich in macrophages. In peritoneal macrophages and RAW cells, LPS increased GPR109A/HCA2 mRNA levels 20 to 80 fold. Zymosan, LTA, and poly I:C, other TLR activators, and TNF and IL-1 also increased GPR109A/HCA2 in macrophages. Inhibition of the MyD88 or TRIF pathways both resulted in partial inhibition of LPS stimulation of GPR109A/HCA2, suggesting that LPS signals an increase in GPR109A/HCA2 expression by both pathways. Additionally, inhibition of NF-kB reduced the ability of LPS to increase GPR109A/HCA2 expression by approximately 50%
Introduction
In the 1950s Altschul and colleagues demonstrated that high doses of niacin reduced plasma cholesterol levels and niacin became the first drug available for treating hypercholesterolemia (1) . Numerous studies have since shown that niacin decreases plasma triglyceride, VLDL, LDL, and Lp(a) levels, while increasing HDL (1, 2) .
The mechanisms by which niacin alters plasma lipid levels are not fully understood (1) (2) (3) . One of the most rapid effects of niacin is to decrease plasma free fatty acid levels and it has been hypothesized that the decrease in plasma free fatty acids reduces the delivery of fatty acids to the liver resulting in a reduction in hepatic triglyceride synthesis leading to a decrease in VLDL production and secretion (1, 2) . This action could contribute to the niacin induced decrease in plasma triglycerides, VLDL, LDL, and Lp(a) (1, 2) . The decrease in plasma free fatty acid levels induced by niacin is due to inhibition of lipolysis in adipose tissue mediated by a decrease in cyclic AMP levels (1, 2, 4-6). Cyclic AMP is well known to enhance lipolysis by activating protein kinase A, which phosphorylates hormone sensitive lipase and perilipin, leading to increased triglyceride breakdown (7, 8) . Specific binding sites for nicotinic acid are present on adipose tissue and data suggest that niacin binds to a Gi-coupled cell surface receptor (9, 10).
A major side effect of niacin therapy is cutaneous flushing, which is a troublesome side effect that frequently leads to the cessation of niacin treatment (11) . The flushing has been shown to be due to increased prostaglandin D production by skin macrophages (Langerhan cells) and prostaglandin E 2 production by keratinocytes leading to cutaneous vasodilation (11) (12) (13) (14) . Specific binding sites for nicotinic acid are also present in macrophage membranes and niacin has been shown to activate phospholipase A 2 leading to the increased production of arachidonic acid and the increased synthesis of prostaglandins (11, 12, 14) . These observations and other data suggest that increased prostaglandin production induced by niacin may be mediated by G coupled cell surface receptors.
In 2003, three groups identified a G-protein coupled receptor (GPR109A, HCA2, HM74A in humans, PUMA-G in mice) that binds nicotinic acid and is expressed predominantly in adipose tissue and immune cells, including macrophages (6, 15, 16) . This receptor couples to G proteins of the Gi family and binds not only niacin but other related compounds that have similar effects (for example acipimox) (17, 18) . In mice deficient in GPR109A/HCA2, niacin does not decrease plasma free fatty acid or triglyceride levels, suggesting that the niacin induced inhibition of adipose tissue lipolysis is mediated by GPR109A/HCA2 (6, 17) . Similarly, studies have also demonstrated that the increase in prostaglandin production and the cutaneous flushing induced by niacin is also dependent on GPR109A/HCA2 in macrophages and keratinocytes (12) (13) (14) 17 (20, 21) . Finally, both LPS and TNF alpha have been shown to up-regulate GPR109A/HCA2 in adipocytes (20, 22) . In the present study we have defined the effects of other cytokines and Toll-like receptor (TLR) activating stimuli on GPR109A/HCA2 expression in fat cells and macrophages, determined the pathways leading to increased expression, and shown that inhibiting the increase in GPR109A/HCA2 expression or activity leads to increased lipid storage suggesting that the increase in GPR109A/HCA2 acts as a feedback inhibitor. 
Cell culture
Murine 3T3-L1 cells (ATCC, Manassas, VA) were grown to confluence and differentiated to adipocytes as described (23) . Briefly, preadipocytes were cultured in DMEM and 10% FBS. When cells became confluent, cells were differentiated by treatment with 1.0 µg/ml insulin, 0.5 mM methylisobutylxanthine, and 1 µM dexamethasone in DMEM containing 10% FBS for 2 days. Cells were then maintained in DMEM supplemented with 10% FBS. Experiments were performed 10-12 days post-differentiation. Cells were treated for 24 h with LPS (100 ng/ml), TNFα (10 ng/ml), or IL-1β (10 ng/ml). The doses of LPS and cytokines used in these experiments are similar to those previously shown to induce metabolic alterations in 3T3-L1 adipocytes and other cells (23) .
RAW 264.7 cells, a murine macrophage cell line, were from American Type Culture Collection (Manassas, VA). Cells were grown in DMEM supplemented with 10% FBS and incubated at 37 o C in 5% CO 2 . When confluent, cells were washed with serum free medium once and then treated in medium supplemented with 2.5% HSA for indicated times (4-24 h) prior to RNA isolation. For studies with immune stimulators, cells were treated with LPS at 100 ng/ml, zymosan at 500 µg/ml, LTA at 1 µg/ml, or poly I:C at 50 µg/ml for16 hours. For lipid loading, cells were co-incubated with LPS at 100 ng/ml and AcLDL at 100 µg/ml or Intralipid at 150 µg/ml for 16 h. For treatment with cytokines, cells were treated with TNFα, IL-1β, or IL-6 at 10 ng/ml for 16 h. For inhibitor studies, cells were pre-incubated with thalidomide at 500 µg/ml, PTN at 20 µM, BX795 at 10 µM, or MPN at 100 µM for 1 hour before addition of LPS (100 ng/ml) for 16 h.
Mouse peritoneal macrophage culture
Peritoneal macrophages were harvested from C57BL/6 mice three days after the ip injection of 40 μg of Con A in 0.5 ml of phosphate-buffered saline and then cultured as described previously by Tang et al (24) . Cells were plated in 12-well plates in DMEM containing 10% FBS and 20% L-cell culture medium and allowed to adhere to wells for 1 hour. Cells were washed with serum free medium and then treated in DMEM supplemented with 2.5% HSA with LPS (100 ng/ml) for 16 hours.
RNA isolation and quantitative PCR
Total RNA was isolated from tissues and cells using Tri Reagent. 
Triglyceride Accumulation Measurement
Following 24 hour treatment, cells were washed twice with PBS and scraped into 200 µl PBS. The cell suspensions were sonicated and triglyceride levels were assayed using a commercially available enzymatic assay (Sigma Aldrich, St. Louise, MO). The TG accumulation was normalized to protein concentration for each sample.
Statistics
Data are presented as mean±SEM. The Student's t-test was used for comparisons between groups. A pvalue <0.05 was considered significant. When multiple samples were compared, one way ANOVA was used to determine statistical significance.
Results and Discussion
Because the expression of GPR109A/HCA2 is very abundant in adipose tissue we first examined the effect of LPS administration, a model of gram negative infection, on GPR109A/HCA2 expression in mouse adipose tissue. As shown in Figure 1A , LPS administration increased GPR109A/HCA2 mRNA levels approximately 2.7 fold. Similarly, treatment of 3T3-L1 adipocytes with LPS or cytokines (TNFα and IL-1β) also resulted in an approximate 4-5 fold increase in GPR109A/HCA2 mRNA levels ( Figure   1B ). Thus, inflammatory stimuli produce an increase in GPR109A/HCA2 expression in adipocytes. These results confirm and extend the in vitro studies that previously demonstrated that LPS and TNF increase GPR109A/HCA2 expression in 3T3-L1 adipocytes (20, 21) .
Macrophages are another site in which GPR109A/HCA2 is abundantly expressed. Therefore we next determined the effect of LPS administration on GPR109A/HCA2 expression in the spleen, a tissue rich in macrophages. As shown in Figure 2A , LPS administration increased GPR109A/HCA2 mRNA levels ~5.6 fold in spleen. The effect of LPS treatment on isolated mouse peritoneal macrophages is shown in Figure   2B . LPS treatment increased GPR109A/HCA2 mRNA ~19 fold in mouse peritoneal macrophages in vitro. Moreover, LPS increased GPR109A/HCA2 mRNA levels ~30-80 fold in cultured RAW cells, a murine macrophage cell line ( Figure 2C) . Additionally, as shown in Figure 3 , LPS treatment increased GPR109A/HCA2 protein in macrophages as assessed by immunostaining. The increased GPR109A/HCA2 was seen in the plasma membrane accompanied by staining throughout the cytoplasm in macrophages.
Given the marked increase in expression in RAW cells, we next carried out time course and dose response studies in RAW cells. As shown in Figure 4A the increase in GPR109A/HCA2 mRNA occurs rapidly (~20 fold increase by 4 hours), reaches a peak at 16 hours (~60 fold increase) and is sustained for at least 24 hours. The ability of LPS to stimulate GPR109A/HCA2 expression is a relatively sensitive response with the ½ maximal response occurring at ~5 ng/ml and a ~40 fold increase seen at 10 ng/ml and ~65 fold increase seen at 100 ng/ml ( Figure 4B ).
We next examined the effect of other immune stimulators on GPR109A/HCA2 expression in RAW cells.
As shown in Figure 5A , zymosan, a model of fungal infections, LTA, a model of gram positive bacterial infections, and poly I:C, a model of viral infections all increased GPR109A/HCA2 mRNA levels ~8 fold.
These increases are considerably smaller than the increase observed with LPS treatment. Additionally, treatment of RAW cells with the cytokines TNF and IL-1 had a smaller effect on GPR109A/HCA2 expression ( Figure 5B ). The effect was specific as there was little effect of IL-6.
Macrophages in atherosclerotic lesions contain increased quantities of cholesterol esters. To mimic this pathophysiologic state, we incubated RAW cell macrophages with AcLDL, which leads to a marked increase in cholesterol ester levels. As shown in Figure 6 , under these conditions AcLDL had little effect on GPR109A/HCA2 expression while LPS treatment still resulted in a marked increase in GPR109A/HCA2 expression, similar to cells not treated with AcLDL, indicating that the LPS stimulation of GPR109A/HCA2 expression occurs even in cholesterol ester loaded macrophages.
LPS signals via TLR4, which has two major intracellular pathways that regulate gene expression (25) .
The myeloid differentiation factor 88 (MyD88) pathway increases the activity of nuclear factor kB (NFkB) and activator protein-1 (AP-1) while the TIR-domain-containing adaptor protein inducing IFNβ (TRIF) pathway increases the activity of NF-kB and interferon regulatory factor 3(IRF3) (25) . We therefore employed a number of specific inhibitors to determine the signaling pathways responsible for the LPS induced increase in GPR109A/HCA2 expression. All of these inhibitors, as expected, decreased the ability of LPS to increase the expression of TNFα (data not shown). As shown in Figure 7A , thalidomide, an inhibitor of MyD88 (26) partially inhibited the ability of LPS to stimulate GPR109A/HCA2 expression suggesting that the LPS effect on GPR109A/HCA2 expression is not solely dependent on MyD88 pathway. BX795, which inhibits the TRIF pathway (27) , also resulted in a greater, but still partial inhibition of the ability of LPS to increase GPR109A/HCA2 ( Figure 7B ), again suggesting that the LPS induced increase in GPR109A/HCA2 expression is not solely dependent on the TRIF pathway. These results suggest that LPS activation of TLR4 signals an increase in GPR109A/HCA2
expression by both the MyD88 and TRIF pathways. PTN, which blocks NF-kB (28), reduced the ability of LPS to increase GPR109A/HCA2 expression by approximately 50% (Figure 7C ), suggesting that both NF-kB pathways and non NF-kB pathways are important for the LPS effect on GPR109A/HCA2. It is well recognized that LPS induces cytokines, such as TNF, by multiple pathways, and are not fully blocked by inhibiting one pathway. Similarly, we find that inhibitors of a single pathway do not block the increase in GPR109A/HCA2, suggesting that multiple intracellular signaling pathways mediate the LPSinduced stimulation of GPR109A/HCA2 expression.
Previous studies by our and other laboratories have shown that the activation of macrophages with LPS and other TLR activators increases macrophage triglyceride accumulation (29, 30) . We therefore next examined the effect of preventing the increase in GPR109A/HCA2 activity on the ability of LPS to increase triglyceride accumulation. As shown in Figure 8A , using siRNA that targets GPR109A/HCA2, we were able to blunt the LPS induced increase in GPR109A/HCA2. Moreover, as shown in Figure 8B this resulted in a small but statistically significant increase in the ability of LPS activation to increase triglyceride accumulation in the macrophages. A similar increase in triglyceride accumulation with LPS stimulation was observed when an identical experiment was carried out in the presence of intralipid, which enhances macrophage triglyceride accumulation ( Figure 8C) . Finally, as shown in Figure 8D inhibiting GPR109A/HCA2 activity with MPN also resulted in an increase in triglyceride accumulation with LPS treatment.
Moreover, previous studies have shown that LPS stimulates the incorporation of fatty acids into triglycerides, which is associated with the increased expression of glycerol 3-phosphate acyltransferase 3 (GPAT3) and diacylglycerol acyltransferase 2 (DGAT2), two key enzymes in the synthesis of triglycerides (29) . As seen in prior studies this increase in LPS induced triglyceride accumulation is associated with an increase in GPAT3 and DGAT2 expression ( Figure 9 ). Moreover, knocking down GPR109A/HCA2 expression with siRNA or inhibiting GPR109A/HCA2 activity with MPN resulted in LPS treatment increasing the expression of both GPAT3 and DGAT2 to a greater extent than seen with LPS treatment alone ( Figure 9 ). These results indicate that the increase in GPR109A/HCA2 expression that occurs during macrophage activation negatively regulates the increase in expression of GPAT3 and DGAT2 limiting the enhanced accumulation of triglyceride that occurs during macrophage activation.
The precise mechanism by which activation of GPR109A/HCA2 regulates the expression of either GPAT3 or DGAT2 is unknown. Studies by other investigators have also shown that niacin acting via GPR109A/HCA2 can directly affect macrophage lipid metabolism. Specifically, niacin has been shown to suppress the increase in LDL uptake that is induced by LPS treatment in wild type macrophages but not in macrophages deficient in GPR109A/HCA2 (21) . Additionally, niacin acting via GPR109A/HCA2 has been shown to stimulate cholesterol efflux by increasing the expression of ABCA1, ABCG1, and CD36 (31) (32) (33) . These results coupled with our results suggest that activation of GPR109A/HCA2 by niacin, endogenous ligand or enhanced basal activity decreases the ability of macrophages to accumulate lipid.
It should be noted that despite the beneficial effects of the activation of GPR109A/HCA2 by niacin on macrophage lipid accumulation, two recent randomized studies have failed to demonstrate that niacin therapy when added to statins reduces cardiovascular disease events (34) (35) (36) . This absence of beneficial effect of niacin in combination with statin therapy contrasts with an earlier study demonstrating that niacin monotherapy reduces cardiovascular disease (37) . The explanation for the failure of niacin in combination with a statin to reduce cardiovascular disease is unknown. Of note, statin treatment did not attenuate the increase in GPR109A/HCA2 in macrophages induced by LPS treatment (data not shown).
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In conclusion the present study demonstrates that multiple infectious and inflammatory stimuli stimulate h with LPS (100 ng/ml), TNFα (10 ng/ml) or IL-1β (10 ng/ml) and total RNA was isolated.
GPR109A/HCA2 mRNA levels were quantified by QPCR performed as described in Materials and 
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